Pionless effective field theory with dibaryon fields is reexamined for observables involving the deuteron. The electromagnetic form factors of the deuteron and the total cross sections of radiative neutron capture on the proton, n p → d γ, are calculated. The low energy constants of vector(photon)-dibaryon-dibaryon vertices in the effective lagrangian are fixed primarily by the one-body vector(photon)-nucleon-nucleon interactions. This scheme for fixing the values of the low energy constants satisfactorily reproduces the results of the effective range theory. We also show that, by including higher order corrections, one can obtain results that are close to those of the accurate potential model. PACS: 25.10.+s, 25.30.Bf, 25.40 
Introduction
Effective field theory (EFT) has proven to provide a useful tool for describing a wide class of meson-meson, meson-nucleon, and nucleon-nucleon (NN) processes with and without external probes in the low energy regime [1] . As for the NN processes, the 1 S 0 and 3 S 1 − 3 D 1 channels require special care because of the very large scattering length for the former and a shallow bound state (the deuteron) for the latter. Whereas EFT is based on the perturbative expansion of physical observables in terms of small external momenta, a non-perturbative treatment is required for the long scattering length or the bound state. Weinberg has suggested counting rules that allow us to handle these non-perturbative problems and derive the NN potential systematically [2] . The S-matrix is calculated from a wave function obtained by solving the Schrödinger equation with the potential calculated to a given order. This scheme has shown good accuracy and convergence with only a few leading terms [3, 4] . Kaplan, Savage, and Wise (KSW) suggested an alternative approach, the so-called power divergence subtraction (PDS) scheme, to the non-perturbative NN systems [5] . Treating only the leading order (LO) term non-perturbatively, KSW were able to obtain physical observables directly from the Feynman diagrams expanded order by order. Over the last decade both the Weinberg and PDS schemes have been used extensively in studying few-nucleon systems; for reviews see, e.g., Refs. [6] and [7] .
In the PDS scheme the convergence of the deuteron observables becomes slow due to a large expansion parameter γ ρ d ≃ 0.4, where γ ≃ 45.7 MeV and ρ d ≃ 1.764 fm, near the deuteron pole. It was suggested that adjusting the deuteron wave function to fit the asymptotic S-state normalization constant, Z d = γ ρ d /(1 − γ ρ d ), assures more efficient convergence [8, 9, 10] . By introducing a dibaryon field which represents a resonance state (or a bound state) of two nucleons 3 , Beane and Savage showed that in terms of dibaryon EFT (dEFT), the long tail of the deuteron wave function can be naturally derived from the two-nucleon(dibaryon) propagator at the deuteron pole [12] . It was also shown that, with the use of dEFT, a good number of diagrams at a given order in the PDS scheme can be cast into a few diagrams. This feature is expected to be useful when higher order corrections need to be calculated. One can also expect that dEFT should be an attractive approach in attempts to incorporate, in the framework of EFT, radiative corrections (the photon degree of freedom) for the two-nucleon reactions [13, 14] .
In applying dEFT to reactions with an external probe, there appear additional unknown low energy constants (LEC's) in the effective lagrangian. These LEC's are considered to subsume the high energy physics, such as meson exchange currents or heavy meson exchanges, that has been integrated out from the effective lagrangian. Since the values of these LEC's in general cannot be determined from symmetry, they need to be fixed either from experimental data or from direct calculations based on the underlying theory, QCD. For example, LEC's that enter into the electromagnetic (EM) interaction on the two-nucleon system can be fixed from the total cross section of radiative neutron capture on a proton, np → dγ, or from the deuteron EM multipole moments. 4 Since each version of EFT has its own expansion scheme, the value of LEC's for a given vertex can differ from one version to another. However, in order to keep consistency with order counting, every EFT should satisfy a common requirement that the terms involving these LEC's should be minor corrections to the LO contributions.
In this work, we make extensive applications of dEFT to the deuteron reactions. We consider a pion-less effective lagrangian that includes the dibaryon fields in the 1 S 0 and 3 S 1 − 3 D 1 channels. The LEC's appearing in the strong interaction part of the dibaryon lagrangian are fixed by the effective range parameters in each channel. The EM interactions between the dibaryon fields and an external probe introduce additional LEC's in both isoscalar and isovector transitions. The LEC's for the vector(photon)-dibaryon-dibaryon (V dd) vertices are fixed by experimental data in the conventional renormalization scheme. The contributions from them, however, turn out to be larger than those found in the conventional EFT's due to the factor 1/(1 − γρ d ), which arises from the normalization factor Z d of the deuteron wave-function (or equivalently, from the asymptotic S-state normalization constant). We suppose that a prime portion of the LEC's of the V dd vertices in dEFT originates mainly from the one-body vector(photon)-nucleon-nucleon (V NN) interactions so that this contribution together with that from the leading two-nucleon loop diagram cancels out the factor 1/(1 − γρ d ) in Z d . We find that this scheme for fixing the LEC's well reproduces the deuteron EM form factors and the total cross section for np → dγ obtained in the effective range theory (ERT). Including higher order terms in our dEFT calculations, we find that the results of the dEFT become comparable to those of the potential model calculation.
The paper is organized as follows: In Sect. 2 the effective lagrangian is given. We calculate in Sect. 3 the EM form factors of the deuteron and fix the LEC's in the EM interaction lagrangians. We then calculate the physical observables in the elastic e-d scattering, and compare the results with those of ERT and a potential model calculation and also with the experimental data. In Sect. 4, we investigate the np → dγ reaction. The final section, Sect. 5, is devoted to discussion and conclusions. In Appendix, we give details on the two-nucleon(dibaryon) propagators and determine the LEC's in the strong-interaction lagrangian.
Effective lagrangian with dibaryon fields
A pionless effective lagrangian for the nucleon and the dibaryon fields interacting with an external vector field can be written as
where L N is the one-nucleon lagrangian, L s and L t are the lagrangians for the dibaryon fields in the 1 S 0 and 3 S 1 channels, respectively. L st is the lagrangian that accounts for the transition between 1 S 0 and 3 S 1 channels through the isovector EM interaction.
L N in the heavy-baryon formalism reads
where v µ is the velocity vector satisfying v 2 = 1; we take v µ = (1, 0). S µ is the spin oper-
, where v µ and v S µ are the external isovector and isoscalar vector currents, respectively. f
m N is the nucleon mass and κ V (κ S ) is the isovector (isoscalar) anomalous magnetic moment of the nucleon; κ V = 3.70589 (κ S = −0.12019).
L s , L t , and L st for the dibaryon fields read
The covariant derivative for the dibaryon field is given by
is the external vector field and C is the charge operator of the dibaryon field. B is the magnetic field given by B = ∇ × v ext . The sign factors, σ s and σ t , turn out to be −1 (see Appendix for details). ∆ t (∆ s ) is the difference between the dibaryon mass m t (m s ) in the 3 S 1 ( 1 S 0 ) channel and the two-nucleon mass; m t,s = 2m N + ∆ t,s . ρ d and r 0 are the effective ranges for the deuteron and 1 S 0 scattering state, respectively. P
is the projection operator for the S = 3 S 1 or 1 S 0 channel;
where σ i (τ a ) is the spin (isospin) operator. The operators for the D-state read
The LEC's, y s and y t , represent the dibaryon-NN (dNN) couplings in the spin singlet and triple states, respectively, and they contribute to the two-nucleon loop diagram for the two-nucleon(dibaryon) propagator. They, as well as ∆ s,t and σ s,t , have been determined from the effective ranges in the 1 S 0 scattering and the deuteron states. C 
2 ) are determined from the total cross section of the radiative neutron capture by the proton and the magnetic moment of the deuteron, respectively. In this work we introduce a new LEC C M , which can be fixed from the radius of the magnetic form factor of the deuteron. In the next two sections, we determine the EM LEC's listed above and proceed to calculate the EM observables in the elastic e-d scattering.
EM form factors of the deuteron
The EM form factors of the deuteron have been intensively studied within Weinberg's approach [9, 16] as well as in the PDS scheme with and without pions [17, 18] . The electric form factor of the deuteron has also been calculated in dEFT without pions [12] . In this section we consider the deuteron EM form factors in dEFT without pions.
A deuteron state | p, i specified by momentum p and spin i satisfies the normalization
The nonrelativistic expansion of the matrix element of the electromagnetic current up to next-to-next-leading order (NNLO) is given as [18] 
where p ′ = p + q and q = | q|. e is the electric charge, m d the deuteron mass, and E (E ′ ) the energy of the deuteron in the initial (final) state. n is the space-time dimension, n = 4. The dimensionless form factors defined in Eq. (9) are conventionally normalized as
where µ M = 0.85741
) is the magnetic moment of the deuteron and µ Q = 0.2859 fm 2 is its electric quadrupole moment. The charge radius of the deuteron r 
Electric form factor
For the electric form factor of the deuteron, there are two LO, O(Q 0 ), diagrams, which are shown in Fig. 1 . The three-point vertices in Figs. 1 (a) and (b) are given by
where i and j denote the final and the initial spin state of the deuteron, respectively; µ is the Lorenz index for the current. Multiplying the three-point vertices with the normalization factor Z d of the deuteron wave function, one obtains the charge form factor of the deuteron at LO as
with
This result is equivalent to that of the ERT [17] and gives the same charge radius r 2 ch as ERT, r
Higher order corrections of O(Q 2 ) to F C (q) were studied in Ref. [18] , in which it was shown that the main correction comes from the isoscalar vector radius of the nucleon current.
One can easily verify that Eq. (14) satisfies the normalization condition given by Eq. (10). It would be worth noting that the expression of F C (q) in Eq. (14) has no free parameter because the leading V dd vertex that contributes to the electric form factor stems from the covariant derivative of the dibaryon field ( Fig. 1 (b) ), which is proportional to the dibaryon charge C and the overall factor σ t . At q = 0, the contribution of the diagram with V dd vertex ( Fig. 1 (b) ) amounts to −40% of that with the V NN vertex ( Fig. 1 (a) ). As will be shown in the next subsections, we find similar values of the V dd to V NN ratios for the other form factors. More importantly, the quantity in the bracket of Eq. (14) exactly cancels the factor 1/(1 − γρ d ) in the deuteron normalization factor at q = 0, which leads us to assign a new role to the LEC's of the V dd vertices.
Magnetic form factor
Diagrams contributing to the magnetic form factor of the deuteron are depicted in Fig. 2 . The order of Fig. 2 (a) is LO (O(Q)) and that of Fig. 2 (b) is formally next-toleading order (NLO) (O(Q 2 )) for the vertex functions. We will discuss however that the contribution of Fig. 2 (b) can be separated into LO and sub-leading parts, and show that this re-ordering satisfies the order counting fairly well. The three-point vertex for each diagram is
where k is the index for the spacial part of the vector current. Multiplying the three-point functions with the normalization factor Z d , one has the magnetic form factor F M (q),
At q = 0,
If one fixes the LEC L 2 using the experimental value of the deuteron magnetic moment µ M in Eq. (10), one obtains L 2 = −0.4033 fm. Comparing the magnitude of Fig. 2 (a) with that of Fig. 2 (b) , one finds that the latter is about −42% of the former, which is similar to the V dd to V NN ratio for F C (0). Since this rather large ratio makes it difficult to regard the contribution of L 2 as the high energy contribution, we divide L 2 into the sum of the LO and sub-leading contributions. 5 Thus
where L because of the factor ρ d , so the diagram Fig. 2 (b) becomes the same order as the diagram Fig. 2 (a) . The magnetic form factor at LO becomes
which is equivalent to the relation of ERT [17] . Numerically, one finds L 0 2 ≃ −0.3880 fm. This value is larger than L 2 fixed from Eq. (10) by about 3.7 %, which can be attributed to the contribution of δL 2 .
Next we consider the contributions of NNLO, (Fig. 3) and the D-wave of the deuteron (Fig. 4) . Since there are no corrections to the isoscalar magnetic V NN vertex from the third order heavy-baryon chiral lagrangian [20] , we do not have NLO corrections to F M (q) from the one-body sector.
6 From the diagrams in Fig. 3 one obtains a three-point vertex function
5 The same partition has been employed for the LEC L 2 in the recent dEFT calculations [15, 19] . 6 At NNLO, there are additional corrections from the radius and relativistic corrections to the isoscalar magnetic nucleon current. Since we are interested here in the role of LEC's in the two-nucleon(dibaryon) sector, we skip those additional contributions; we will include them in a later subsection where the elastic e-d scattering is considered.
(e) (f) (g) Figure 4 : O(Q 3 ) contributions to the deuteron magnetic form factor arising from the deuteron D-wave. The "X" denotes the isoscalar magnetic vertex of nucleon-photon coupling proportional to (1 + κ S )/(2m N ), and the filed boxes stand for the deuteron Dwave in the diagrams (e) and (f). The filled diamond in the diagram (g) is a vertex proportional to C M .
where dimensional regularization has been used for the loop integration. The sum of the diagrams in Fig. 4 gives
Summing up the contributions from Fig. 2 to Fig. 4 , we obtain the magnetic form factor of the deuteron up to NNLO as
where we have put
, we obtain L ′ 2 = −0.07096 fm 5/2 . We will study below the role of higher order corrections to the F M (q) form factor in elastic e-d scattering.
Electric quadrupole form factor
Diagrams for the electric quadrupole form factor of the deuteron are depicted in Fig. 5 . The diagrams (a) and (b) are O(Q 2 ), while the diagram (c) is formally one order higher, O(Q 3 ). As before, however, it turns out that this formal counting fails for dEFT. We will show below that the same assumption as used for the LEC L 2 in Eq. (19) can be used here to extract the LO part of C Q . 
Multiplying the three-point functions with the factor Z d , we obtain
and at q = 0
The normalization condition Eq. (10), leads to C Q = −1.709 fm 2 . Comparing the first and second terms in the bracket in Eq. (27) , one finds that the latter is about −50% of the former and the C Q term is much larger than the estimations in the previous EFT calculations. In addition, it shows a pattern similar to what we have already seen in the cases of F C (q) and F M (q). Now we assume that the prime portion of the LEC C Q in dEFT, denoted by C 0 Q , should make the factor (1 − ρ d γ) together with the contributions from the two-nucleon loop diagrams (Fig. 5 (a) and (b) ) in order to kill the factor (1 − ρ d γ) −1 in Z d ; this way F Q (q) at q = 0 becomes a normal size, and the remainder, δC Q , accounts for the contribution of the high energy physics. Thus we have
where numerically C 0 Q = −1.408 fm 2 . The contribution of δC Q to µ Q is about −17.2%. This rearrangement of C Q leads to reconciliation between dEFT and the former EFT calculations.
Elastic electron-deuteron scattering
With the use of the deuteron form factors obtained above we now make a brief study of elastic electron-deuteron scattering, e + d → e + d. The differential cross section of the reaction is given by
The form factors A(q) and B(q) here are related to the deuteron form factors via
). To incorporate other NNLO corrections which have not been considered explicitly in the previous subsections, we introduce the radius of the isoscalar vector nucleon current and a radius correction from the dibaryon field to the electric form factor F C (q). Thus we write
where r 
where we have separated the LEC C M = C The solid line corresponds to our present result, the dashed line to the result of ERT, and the dotted line to that of the accurate potential model calculation that includes the one-body (IA) operator [22] . The experimental data are taken from Ref. [23] .
Unfortunately, precise experimental data of r 2 M d are not available yet. So we adjust δC M by fitting it to the elastic e-d scattering data up to the momentum transfer q = 400 MeV. Here we adopt r 2 M d = 2.135 fm to fix the value of δC M . We ignore the radius effects in F Q (q) because the contribution of F Q (q) to A(q) is negligible in the momentum range under consideration.
The results for A(q) and B(q) are shown in Figs. 6 and 7, respectively. In both figures, the solid lines represent our present results, the dashed lines correspond to the results of ERT, and the dotted lines to those of a potential model calculation which we evaluated by using the Argonne v18 potential (Av18) and the one-body (IA) operator [22] . The experimental data in Fig. 6 are taken from Ref. [23] . Our LO dEFT calculations reproduce well the results of ERT in the small momentum region. With the higher order corrections included, the results of the dEFT approach improve those of ERT and give results comparable to those of the accurate potential model calculations for both A(q) and B(q) at large momenta. It is to be remarked that, in dEFT, we use the empirical values of r ch and µ d and adjust r M d to fix the LEC's, whereas ERT and the potential model calculation do not quite reproduce the empirical values of these observables; see Tab. 1. We should note that the experimental value of r M d still has relatively large uncertainties. Since our result for B(q) is sensitive to the value of r M d , a more accurate measurement of r M d is required to reduce the theoretical uncertainty in B(q). ERT IA (Av18) Radiative neutron capture by the proton, n + p → d + γ, has been intensively studied within the frameworks of EFT employing the Weinberg's scheme [24] and the PDS scheme with pions [25] and without pions [18] ; see also [12] . We propose ourselves to study this reaction in more detail here.
Radiative neutron capture by the proton
Leading order, O(Q 1/2 ), diagrams for the process are depicted in Fig. 8 . The diagram (c) is formally O(Q 3/2 ), thus of a higher order. However, we will discuss below that, because of the V dd vertex involved, it is more appropriate to assign to diagram (c) the same order as diagrams (a) and (b). Summing up the contributions of diagrams (a), (b) and (c) in Fig. 8 , one obtains the amplitudes for the initial 3 S 1 and 1 S 0 states as 
Here p is the relative momentum of the two-nucleon system, and k is the momentum of the out-going photon; p = | p|, k = | k|, andk = k/k. ǫ * (d) and ǫ * (γ) are the polarization vectors for the out-going deuteron and photon, respectively, and ǫ i is the spin S = 1 vector for the initial 3 S 1 state. a 0 and r 0 are, respectively, the scattering length and effective range of the neutron-proton 1 S 0 state. The LEC L 2 has already been fixed in the previous section using the deuteron magnetic moment µ M . The LEC L 1 should be fixed using some experimental information.
It is worth noting that the LO (O(Q 1/2 )) amplitude for the 3 S 1 state in Eq. (34) vanishes,
The expression of L 0 2 is given in Eq. (19) . It is well known that the isoscalar transition between the scattering and bound states vanishes due to the orthogonality of the wave functions, and we confirm that our treatment of the LEC L 0 2 satisfies this condition. Although higher-order terms give non-vanishing contributions, δL 2 , δL 2 is found to be very small compared with the leading isovector amplitude; we therefore neglect the isoscalar part in our subsequent discussion.
We determine the value of L 1 in Eq. (35) from the cross section of np → dγ at the thermal energy, σ exp = 334.2 ± 0.5 mb [26] . The total cross section in the CM frame reads
where α is the fine structure constant, and the CM energy E corresponding to the thermal neutron experiment is E = p 2 /m N = 1.264 × 10 −8 MeV. Using the formula for the spin summation spin |i ǫ *
and including only the amplitude for the
, we obtain L 1 = −4.427 fm. It is to be noted that, if L 1 is set equal to zero, i.e., L 1 = 0, the relevant cross section would become σ(L 1 = 0) = 502.3 mb, which is about 1.5 times larger than the experimental value, i.e., σ(L 1 = 0)/σ exp ≃ 1.50. Meanwhile, the magnitude of the LO cross section in the PDS scheme is smaller than σ exp by about 13 % [25] . Furthermore, the leading one-body operators in the potential model calculations also lead to a cross section that is smaller than σ exp by about 10 %; as is well known, most of this 10 % deficiency can be accounted for by the meson exchange currents. Thus, here again we are facing the situation that, whereas the conventional treatments indicate the dominance of the LO contributions, the dEFT results exhibit uncomfortably large higher order corrections. To solve this problem, we assume that L 1 is dominated by a leading contribution denoted by L 0 1 which is chosen so as to reproduce the result of ERT, and that the rest, δL 1 contains information about the high energy physics that has been integrated out. Thus we consider the decomposition
where numerically L 
which is the same expression as that of ERT. Numerically we have σ(L 0 1 ) = 304.9 mb. This value is close to σ IA = 304.5 mb obtained in the potential model with the use of the one-body operator. Now we study higher order corrections for the np → dγ reaction. Higher order diagrams (O(Q 5/2 )) with the V dNN vertex proportional to L ′ 1 are depicted in Fig. 9 . Note that the diagrams with the D-wave contribution vanish for the initial S-wave states and the corrections from the radii are negligible because of the tiny momentum transfer in the reaction. The combined contributions of diagrams (d,e,f) in Fig. 9 are given by ; these LEC's have been fixed from σ exp . Predictions for the np → dγ cross section at energies higher than the thermal neutron energy are given in Tab. 2 up to 1 MeV. A fairly good agreement is seen between the results corresponding to the two different choices of the parameter set. Our dEFT results also show reasonable agreement with the recent EFT calculations [27, 28] , as well as with the accurate potential model calculation including the exchange current [29] .
Discussion and conclusions
In this paper we have reexamined dEFT without pions for the deuteron reactions involving the electromagnetic (EM) probe. The EM form factors of the deuteron and the total cross sections of the np → dγ reaction have been calculated. We have found that the LEC's of the V dd vertices in dEFT give much larger contributions than the corresponding term in the "usual" EFT approach (within the PDS scheme) that does not include the dibaryon fields. Although no formally rigorous methods exist to restore a proper counting rule in dEFT, we have proposed a practical prescription to extract the LO part of the LEC's in such manner that this LO part mimics the leading one-body V NN vertices. After the LO part is removed, the remainder is considered to represent the high energy physics that has been integrated out. If one is to calculate it explicitly, one should take into account relativistic corrections, meson-exchange currents, higher partial waves, etc. However, an easy way to fix the higher order part of the LEC's is to fit it to experimental data. We were able to confirm that the higher order corrections defined this way are indeed small in conformity with the general tenet of EFT.
With the LEC's thus determined, we have calculated the form factors A(q) and B(q) for elastic e-d scattering and found that the results of A(q) are very close to the experimental data for momenta up to 200 MeV. Furthermore, our results of A(q) and B(q) are comparable to those of the accurate potential model calculation. Our estimations of the E(MeV) Table 2 : M1 transition contribution to the cross sections for the np → dγ reaction. The second and third columns are our dEFT results using the two sets of LEC's described in the text. The fourth column shows the results of the NNLO EFT calculation [28] , while the fifth column gives the results of an accurate potential model calculation (Av18) including the exchange current [29] . The LEC's in both dEFT and EFT and the strength of the exchange current in the potential model calculation are fixed at the values marked by *.
total cross sections of the np → dγ reaction for energies up to 1 MeV also agree well with the results of the other EFT calculations and the accurate potential model. The fact that, with the proper treatment of the LEC's in the V dd vertices, the effective convergence of the dEFT expansion is restored, is interpreted as an indication that dEFT is a useful tool for understanding a wide class of low-energy phenomena involving the deuteron. 
where µ is the PDS scale, p is the magnitude of the nucleon momentum in the CM frame, and E is the total energy E ≃ p 2 /m N . The two-nucleon(dibaryon) propagator in the spin singlet state, D s (p), can be renormalized using the 1 S 0 channel NN scattering amplitude. 8 The amplitude obtained from 
and it is related to the S-matrix via S − 1 = e 2iδ 0 − 1 = 2ip
8 Although it is known that the expansion series of the ERT parameters in the 1 S 0 channel converges well, we adapt the modified counting rule Q ∼ {p, a 
Now we fix the LEC's in the coupled channel. Diagrams for the 3 S 1 − 3 D 1 channel are depicted in Figs. 11 (a, b) . Each of the amplitudes reads
The relation between the S-matrix and the amplitudes in the coupled channel is given by 
where we have employed a convention for the phase shifts defined in Ref. [30] .
Since it is known thatǭ 1 is numerically small, we put cos(2ǭ 1 ) ≃ 1. Around the deuteron pole, ERE reads [31] ,
with γ −1 = 4.319 fm and ρ d = 1.764 fm. Following the same steps that lead to Eq. (45), one obtains σ t = −1, and
where Z d is the wave function normalization factor of the deuteron around the pole of the deuteron binding energy B, and the ellipsis in Eq. (50) denotes corrections that are finite or vanish at E = −B. Thus one obtains [12] 
Next we renormalize the coupled channel amplitude A [DS] at the deuteron pole p = iγ through the relation, 
